Abstract. The survival and development of the cat flea, Ctenocephalides felis, were assessed at various temperatures and relative humidities (RH). The upper and lower temperature limits for development (egg to adult) were 32 and 13 °C. The length of the developmental period ranged from 14 to 140 days at these temperature extremes. Complete development occurred from 50-92% RH. Immature C. felis reared at 92% RH produced larger adults than those reared at 50% RH. At 27 °C, the minimum RH necessary for greater than 50% survival of the immature stages was egg, 33%; larva, 50%; and pupa, 2%. Adult longevity increased with increasing RH and decreasing temperature.
The cat flea, Ctenocephalides felis (Bouche), is an annoying pest of man and his household pets. Bites of this flea may result in localized allergic reactions (Hudson et al. 1960 ). Cat fleas serve as an intermediate host of the dog tapeworm, Dipylidium caninum (Cheng 1973) and, of greater concern, C. felis may transmit murine typhus (Traub et al. 1978) and plague (Pollitzer 1960) .
There is a paucity of information on the habits and environmental requirements of this flea. Bacot (1914) and Karandikar & Munshi (1950) described the life history of C. felis. The effects of temperature, relative humidity, and larval dietary requirements on C. felis development were briefly discussed by Bruce (1948) . In another larval dietary study, Strenger (1973) reported that under natural conditions larval survival was dependent upon the availability of adult flea excrement. The present laboratory studies were undertaken to gather better information concerning environmental factors, namely temperature and humidity, as they relate to cat flea survival and development.
MATERIALS AND METHODS

Flea rearing
To ensure adequate numbers of fleas for experiments, fleas were reared using procedures similar to those described by Hudson & Prince (1958) . ' Department of Entomology, University of California, Riverside, California 92521, USA.
Four domestic cats were housed individually in 0.6 x 0.6 x 0.5 m metal cages with metal mesh ( 1 x 2 cm) floors. One of these cats was previously infested with C. felis and served as the source of all subsequent rearing material. Each cage tapered below the mesh and was fitted with a 3.8-1 collectingjar containing a small amount of fine-grained sand. About 50 adult fleas were placed on each cat every 3 or 4 days. Flea eggs and feces of adult fleas that fell through the mesh were collected in the jars. Every 3 days the collected material was screened to remove cat hair and was added to a mixture of sand and larval food (5:1, by vol) consisting of 20:3:2 (by wt) pulverized dry Purina dog chow, dried beef blood, and brewer's yeast. The sand was included for pupal cocoon construction. Since most developing larvae remained within 1 to 2 cm of the surface of the mixture, only ca. 3 cm of mixture was needed in each 0.9-1 rearing jar.
Starting ca. 7 days after collection of eggs, pupal cocoons were obtained by passing the mixture through a 6.3 mesh/cm screen. Sieving was repeated daily until cocoon formation was completed. The cocoons were kept in 0.9-1 glass jars. Adult fleas emerged in the pupation jars and could be separated by allowing the adults to pass through a special screw-cap lid containing 6.3 mesh/cm screen to which a glass funnel was glued. When the pupation jar was tilted, cocoons were retained by the screen and live adults could be directed through the funnel into an appropriate container.
Environmental conditions for the cats were 25 ± 4 °C and 40-80% RH. Immature stages and unfed adults of C. felis were reared and maintained at 27 ± 1 °C and 75-80% RH. Both cats and fleas were kept on a 12:12 L:D photoperiod. The average number of flea eggs produced was ca. 1000/cat/day. There was considerable variation in egg production between hosts. Cats accounting for the fewest eggs appeared to be the most meticulous groomers. Also, there were more adult fleas in the collectingjar below their cages, indicating a higher flea removal rate by these cats. During the course of flea rearing, the cats became infected with Dipylidium caninum, a cyclophyllidian tapeworm that utilizes C. felis and C. cards (Curtis) as intermediate hosts. It was necessary to discontinue infesting the cats with fleas for 3 weeks while anthelmintic drugs were administered. During this time the level of C. felis egg production declined 90%. This seems to substantiate the finding of Hudson & Prince (1958) that to maintain constant egg production, at least 25% of the original host adult flea population must be added to each cat every 2 weeks.
Development at various temperatures and humidities
Time for development from egg to adult was determined at temperatures of 38, 35, 32, 27, 21, 13 , and 10 °C in dark growth chambers. Relative humidity was maintained at 75% during tests by keeping the replicates in desiccator jars containing saturated NaCl solutions. A constant temperature of 27 °C was used in tests determining the effects of various humidities on development. Specific saturated salt solutions were placed in desiccators to provide the range of test humidities (Winston 8c Bates 1960). A RH of less than 5% was obtained with anhydrous CaSO 4 . An Abbeon RH indicator was used to verify humidities used in all tests. For each test, 50 eggs less than 1 day old (4 replications) were added to 5 g larval food and 20 g of sand in uncovered plastic food cups 6.4 cm diam x 3.8 cm. To ensure that these eggs were newly laid, cats were groomed to remove any lodged eggs, cages were swept, and jar contents emptied 24 h prior to egg collection for the experiment. Cocoons and/or adults were counted each day to assess development.
Measurements of hind tibia, head (oral angle to postoccipital ridge) and total body lengths (oral angle to tergite VIII) of 10 fleas/each RH were made with a binocular dissecting microscope fitted with an ocular micrometer, in order to determine the size of adult fleas that experienced different humidities as immatures.
Effects on each life stage were studied by exposing 5 replications of 10 individuals/stage to various temperatures and humidities. Eggs were ex-Vol. 18, no. 1 amined for eclosion 7 days after exposure to each test condition. Surviving larvae (2nd-3rd instar) were allowed to form pupal cocoons before mortality was assessed. Pupae 4 days old that had been exposed to test conditions for 14 days were dissected to determine the extent of their development. Unfed adult longevity was determined daily by counting live and dead fleas in test tubes (2.5 x 22.5 cm) containing ca. 1 g of sand that provided a resting substrate.
RESULTS AND DISCUSSION
The period of development of C. felis eggs and larvae at 75% RH was temperature-dependent; the optimal temperature was near 32 °C, as determined by percentage cocoon formation (FIG. 1) . The incubation period for 50% egg hatch at 35, 32, 27, 21, and 13 °C was 1.5, 1.5, 2.0, 3.0, and 6.0 days, respectively. Thirty percent of the larvae kept at 35 °C formed pupal cocoons, but none hatched. Although Bruce (1948) reported that 34% of C. felis larvae survived at a constant 38 °C and 80% RH, we observed no completion of development at 35 °C. Pupation occurred 2 days earlier at 32 °C than at 27 °C, and slightly greater pupation (88% vs. 82%) occurred at 21 °C. The lower limit for maturation of larvae was 13 °C. Pupae were not formed at 13 °C until the larvae were at least 26 days old. At 10 °C, eggs hatched after 12 days but the lst-instar larvae died within 10 days.
In the Siphonaptera, 3 distinct stages found in the pupal cocoon include (1) a U-shaped larval prepupa, (2) a true exarate pupa, and (3) the preemergent adult, which has completed its pupalimaginal molt but remains within the cocoon for varying lengths of time. Temperature also affected development within the cocoon (FIG. 2) . At 35 °C, 30% of the larvae formed cocoons and died as prepupae. At 32 °C the entire period from egg to adult was completed in less than 22 days, but the period increased at lower temperatures. The gradually increasing numbers of emerged adults at the lower temperatures reflect the presence of preemergent adults. Many investigators, including Bacot (1914) and Karandikar & Munshi (1950) , have observed adult fleas remaining quiescent within the cocoon, presumably awaiting proper stimuli for emergence.
Influence of humidity on development
No larvae survived below 50% RH or at 100% RH. At 100% RH fungi developed on the larval media. Larval development required 10 days at 50% RH, but only 5 days at 90% RH, perhaps reflecting a consequence of energy transfer into a water conservation mechanism at the expense of rapid development. Edney (1945) found that an increase in RH from 50% to 90% resulted in a 2-fold increase in the rate of larval development of the Oriental rat flea, Xenopsylla cheopis Rothschild.
Maintaining fleas from egg to adult at 27 °C and high or low humidities had a significant influence on the size of resultant adults. As shown in TABLE 1, body length of adult fleas was significantly greater as the RH increased. This may have been due to uptake and retention of water by larvae, pupae, or adults that expanded intersegmental membranes. However, rigid structures such as the head and tibia were also largest in adults whose immature stages had been exposed to highest humidities. As in larval development, this may indicate priority energy utilization in which water was conserved at the expense of growth.
Interaction of temperature and humidity
It has been recommended that the interaction of temperature and humidity be expressed in terms of mm Hg water vapor pressure or saturation deficit (Ferro & Chapman 1979) . Saturation deficit (SD) represents the absolute amount of water vapor present in a system. Because water vapor pressure at any RH varies with temperature, it is often preferable to describe a biological response relative to SD rather than temperature and RH. In the present study, however, there was no distinct relationship between SD and survival of any stage of cat flea we studied. For example, there was 100% egg hatch at 27 °C/50% RH but only 15% hatch at 16 °C/2% RH even though each condition provided a saturation deficit of 13 mm Hg. Consequently, instead of SD we considered the The number of eggs hatching at 16 °C increased with increasing RH up to 100% hatch at 92% RH. Hatch decreased to 70% in saturated air (FIG. 3A) . At 27 °C there was a 70% increase in egg hatch at 33% RH compared to 2% RH and nearly all the eggs hatched at 50% RH or greater. Eggs kept at 35 °C hatched only in moist air (75-92% RH). Eggs kept below 75% RH desiccated. Failure of eggs to hatch in warm saturated air (i.e., 35 °C) may have been due to accumulation of heat within the egg.
Larvae were more sensitive than eggs to low humidity. All larvae died at any temperature if the humidity was 33% RH or lower (FIG. 3B) . All larvae could tolerate temperatures up to 27 °C if the RH was at least 50%. Although larvae kept at moderate temperatures could develop in saturated air, the slightest amount of water in liquid state (e.g., moist filter paper) was lethal to this stage. High temperature (35 °C) had similar effects on larvae as on eggs: the larvae desiccated at low RH and apparently overheated in saturated air. The degree of development within the cocoon at 16 and 27 °C was similar at every humidity tested. Under moderate conditions the pupa was the immature stage most resistant to desiccation; 80% survived to adulthood at 2% RH (FIG. 3C) . Because the cocoons were 4 days old when the experiment was started, development to the true pupal stage was ensured. Mellanby (1933) reported that the pupa of X. cheopis is resistant to desiccation but that the prepupa cannot survive when kept below 50% RH. He also found that the cocoon afforded no protection from desiccation. Similar results were observed in this study with cat fleas. The number of adults emerging from cocoons kept at 27 °C increased slightly with increasing RH but no adults emerged from cocoons kept at 35 °C. However, the number of fleas completing the pupalimaginal molt at 35 °C increased with RH. The curves labeled "Dead" in FIG. 3C represent completion of the pupal-imaginal molt followed by the death of the adult before it emerged. Humphries (1967) observed that pupal mortality of the bird fleas Ceratophyllus gallinae (Schrank) and C. garei Rothschild at moderate temperatures and low RH was associated with inability of the desiccated adult to shed the pupal cuticle due to a loss of preadult turgidity. RH at moderate temperatures did not greatly affect C. felis; over 80% of the fleas emerged from cocoons kept at 2% RH. Since no fleas emerged at any RH at 35 °C, it is likely that the critical thermal maximum point was exceeded. This was further evidenced by the fact that at low RH death occurred prior to the pupal-imaginal molt at 35 °C.
Adult longevity was affected by conditions of temperature and humidity (TABLE 2) . Even though adult females emerged from cocoons several days prior to males, similar lifespans were observed for both sexes. Longevity increased significantly in saturated air at 16 °C compared to combinations of lower RH's and higher temperatures. Bacot (1914) found that C. canis maintained at 8-10 °C in saturated air lived up to 58 days. It is likely that low RH associated with subfreezing temperatures would preclude adult survival off the host. During the warmer months of the year, it is doubtful that adult fleas can live for more than a week in the absence of a host or a suitable microhabitat that is relatively cool and moist.
In summary, although conditions for optimal development of C.felis were 27-32 °C and 75-92% RH, we selected a 27 °C and 75% RH rearing regime since other experiments utilizing fleas were conducted under ambient room conditions. Temperatures above 35 °C were lethal to the immatures and low RH was adverse to all stages except the pupa, suggesting this stage is most likely to survive extended periods in cool dry climates.
